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(57) ABSTRACT

A soft-switching and low input current ripple power inver-
sion circuit, in which the inversion circuit is connected in
parallel to an input DC voltage source and includes a top
cell, a bottom cell and at least one transformer, in which the
top cell and the bottom cell have its individual impedance
adjusting unit of which the impedance can easily be adjusted
to obtain the required equivalent resonant inductance or
capacitance. Thus, the semiconducting switches therein can
be soft-switched alternately to reduce the switching loss.
Moreover, the inversion circuit can be modified by adding at
least one middle cell inserted between the top cell and the
bottom cell to reduce the voltage stress on the semiconduc-
tor switch. Consequently, low voltage rating semiconductor
switch accompanied with lower RDS(on), conduction losses
can be reduced to improve the converter efficiency.
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1
SOFT-SWITCHING LOW INPUT/OUTPUT
CURRENT-RIPPLE POWER INVERSION
AND RECTIFICATION CIRCUITS

RELATED APPLICATIONS

This application claims priorities to Taiwan Application
Serial Number 103114534, filed Apr. 22, 2014, and Taiwan
Application Serial Number 104108236, filed Mar. 16, 2015,
which are herein incorporated by references.

FIELD OF THE INVENTION

The present invention relates to power inversion and
rectification circuits, more particularly to power inversion
and rectification circuits having soft-switching operation
and low current ripple performance. Consequently, the
switching losses are significantly reduced to improve the
power conversion efficiency.

BACKGROUND OF THE INVENTION

DC-DC converter is widely used in today’s electrical
device. By using an inversion circuit cascaded with a
rectification circuit and a filter circuit, the DC voltage is
inverted to an AC voltage and the AC voltage is then
rectified and filtered to the required DC voltage.

Among several inversion topologies, the half-bridge con-
verter (HBC) has low voltage stress on semiconductors so
that it is widely used for high input-voltage low-to-medium
power inversion applications.

However, half-bridge topology has a pulsating input cur-
rent waveform, which is a common characteristic of buck-
derived converters. This pulsating input current generates
high di/dt (rate of current change) noise. In addition to dv/dt
noise, this di/dt noise becomes another key inducing factor
of the electromagnetic interference (EMI) problem. Conse-
quently, a large input filter must be added to meet the EMI
regulation, which increases the cost and occupies space in
the converter.

To reduce input current-ripple with its related di/dt noises,
several ripple reduction converters have been invented
recently, such as in U.S. Pat. No. 7,515,439, issued on Apr.
7, 2009 in U.S. Pat. No. 7,957,161, issued on Jun. 7, 2011,
U.S. Pat. No. 8,259,469, issued on Sep. 4, 2012, and U.S.
Pat. No. 8,665,616, issued on Mar. 4, 2014, all to the
inventor of the present invention.

Among them, the half-bridge converter with input current
ripple reduction (HBC-CRR) preserves the advantages of
the HBC through the use of a current ripple reduction
mechanism as shown in FIG. 2 and FIG. 3(4) of the U.S. Pat.
No. 8,665,616. Therefore, smaller components of the EMI
filter stage can be used instead.

However, the HBC-CRR employs symmetrical control
scheme to regulate the output voltage resulting in varying
the dead-time interval under different line and load operating
conditions. Consequently, it operates with hard-switching
resulting in higher switching losses. The operating fre-
quency is thus limited and the reactive components, such as
inductor and capacitor, are unable to reduce their size. It
hinders to achieve high power density performance.

Without compromising the converter efficiency, therefore,
zero-voltage switching operation should be incorporated
with the HBC-CRR so that the switching frequency can be
increased. However, it has not been explored yet and
becomes the motivation of the present invention.
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To enable a ZVS operation, two operating conditions
should be met: (1) a fixed dead time between the two control
driver signals, and (2) a sufficiently large energy transition
between the leakage inductance (or magnetizing inductance)
and the output capacitance of the MOSFET.

Among several control schemes, the required fixed dead
time can be obtained by using the asymmetrical pulse-width-
modulation (APWM) control or near 50% duty cycle vari-
able frequency (VF) control schemes. Consequently, the
HBC-CRR will feature the desirable zero-voltage switching
operation if either one of the APWM or VF control scheme
is applied.

Moreover, minimizing the conduction loss of the MOS-
FETs becomes another motivation of the present invention.
It can be obtained by taking the advantage of lower equiva-
lent R, (i.e. the resistance when MOSFET is turned-on)
with two low-voltage rating MOSFETs connected in series.
The conduction losses are thus reduced and the efficiency of
the converter is improved.

In addition to having low input current-ripple perfor-
mance, the present invention is directed to disclose inversion
circuits and their corresponding low output current ripple
rectification circuits with additional enhanced soft-switching
operation performance accordingly.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a switch-
ing mode power converter having an inversion or rectifica-
tion circuit with low input or output current ripple.

Another object of the present invention is to utilize the
leakage inductance of the transformer and the stray capaci-
tance of the MOSFET as a lossless snubber, thereby the
leakage inductance energies are effectively absorbed and
recycled to improve overall performance.

Another object of the present invention is to provide a
switching mode power converter having an inversion or
rectification circuit with soft-switching operation on semi-
conductor switches (MOSFETs) or rectifier diodes resulting
in reducing the switching losses. Consequently, further
efficiency improvements can be achieved.

A further object of the present invention is to provide a
switching mode power converter having an inversion or
rectification circuit with low voltage rating semiconductor
switches (MOSFETs) accompanied with lower Ry, or
rectifier diodes with lower forward voltage drop resulting in
reducing the conduction losses. Consequently, further effi-
ciency improvements can be achieved.

Other objects, advantages, and novel features of the
invention will become more apparent from the following
detailed description when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the present invention, and are
incorporated in and constitute a part of this specification.
The drawings illustrate embodiments of the present inven-
tion and, together with the description, serve to explain the
principles of the present invention.

FIG. 1(a) to FIG. 1(e) is the circuit diagram of a single-
transformer soft-switching DC-AC inversion circuit and its
sub-circuit of nth middle-cell Cell-n applied thereto accord-
ing to the first embodiment of the present invention;

FIG. 2(a) to FIG. 2(e) is the circuit diagram of a two-
transformer soft-switching DC-AC inversion circuits with
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its sub-circuits of nth middle-cell Cell-n applied thereto
according to the first embodiment of the present invention;

FIG. 3 is an example circuit diagram of the DC-AC
inversion circuit shown in FIG. 1(a) wherein the circuit is
realized with Zadjl and Zadj2. The Lr-Cr network repre-
sents the combination of the Lr3-Cr3 (Zadjl) and the
Lrd4-Crd (Zadj2);

FIG. 4(a) to FIG. 4(d) shows the equivalent circuit of the
DC-AC inversion circuit shown in FIG. 3 when the switches
are turned on and turned off, respectively;

FIG. 5 shows several key waveforms of the circuit shown
in FIG. 3 with asymmetrical pulse-width-modulation control
scheme;

FIG. 6(a) and FIG. 6(b) show the input current waveforms
measured from hardware experiment of the circuit shown in
FIG. 3 with asymmetrical pulse-width-modulation control
scheme under two different operating conditions;

FIG. 7(a) to FIG. 7(d) show the ZVS MOSFET voltage
waveforms measured from hardware experiment of the
circuit shown in FIG. 3 with asymmetrical pulse-width-
modulation control scheme under four different operating
conditions;

FIG. 8 shows several key waveforms of the circuit shown
in FIG. 3 with near 50% variable frequency control scheme;

FIG. 9(a) to FIG. 9(b) shows the input current waveforms
measured from hardware experiment of the circuit shown in
FIG. 3 with near 50% variable frequency control scheme
under two different operating conditions;

FIG. 10 shows the ZVS MOSFET voltage waveforms
measured from hardware experiment of the circuit shown in
FIG. 3 with near 50% variable frequency control scheme
under four different operating conditions;

FIG. 11 is an example circuit diagram of the DC-AC
inversion circuit shown in FIG. 1(a) wherein the circuit is
realized with Zadj1, Zadj2, and one middle-cell;

FIG. 12(a) to FIG. 12(d) shows the equivalent circuit of
the DC-AC inversion circuit shown in FIG. 11 when the
switches are turned on and turned off, respectively;

FIG. 13(a) to FIG. 13(e) is the circuit diagram of a
single-transformer soft-switching DC-AC inversion circuits
with its sub-circuits of nth middle-cell Cell-n applied thereto
according to a second embodiment of the present invention;

FIG. 14(a) to FIG. 14(e) is the circuit diagram of a
two-transformer soft-switching DC-AC inversion circuits
with its sub-circuits of nth middle-cell Cell-n applied thereto
according to a second embodiment of the present invention;

FIG. 15 is an example circuit diagram of the DC-AC
inversion circuit shown in FIG. 13(a) wherein the circuit is
realized with Zadj (FIG. 13(c)) and one middle-cell (FIG.
13(0));

FIG. 16(a) to FIG. 16(d) shows the equivalent circuit of
the DC-AC inversion circuit shown in FIG. 15 when the
switches are turned on and turned off, respectively;

FIG. 17 is the circuit diagram of a single-transformer
soft-switching AC-DC rectification circuit according to a
third embodiment of the present invention;

FIG. 18 is the circuit diagram of a two-transformer
soft-switching AC-DC rectification circuit according to a
third embodiment of the present invention;

FIG. 19 is an example circuit diagram of the AC-DC
rectification circuit shown in FIG. 17 wherein the switches
(M1, M2) are realized with rectifier diodes (D1, D2);

FIG. 20(a) and FIG. 20(b) show the equivalent circuit of
the AC-DC rectification circuit shown in FIG. 19 when the
diodes are turned on and turned off, respectively;

FIG. 21 shows several key waveforms of the circuit
shown in FIG. 19;
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FIG. 22 is another example circuit diagram of the AC-DC
rectification circuit shown in FIG. 17 wherein the secondary
windings S1 and S2 are connected with different polarity
from that in FIG. 19;

FIG. 23(a) and FIG. 23(b) show the equivalent circuit of
the AC-DC rectification circuit shown in FIG. 22 when the
diodes are turned on and turned off, respectively;

FIG. 24 shows several key waveforms of the circuit
shown in FIG. 22;

FIG. 25 is another example circuit diagram of the AC-DC
rectification circuit shown in FIG. 17 wherein the secondary
windings S2 is connected with different polarity from that in
FIG. 19;

FIG. 26(a) and FIG. 26(d) show the equivalent circuit of
the AC-DC rectification circuit shown in FIG. 25 when the
diodes are turned on and turned off, respectively;

FIG. 27 shows several key waveforms of the circuit
shown in FIG. 25;

FIG. 28 is the circuit diagram of a single-transformer
soft-switching AC-DC rectification circuit modified with
two series-connected-switch pairs from FIG. 17 according to
a fourth embodiment of the present invention;

FIG. 29 is the circuit diagrams of a two-transformer
soft-switching AC-DC rectification circuit modified with
two series-connected-switch pairs from FIG. 18 according to
a fourth embodiment of the present invention;

FIG. 30(a) to FIG. 30(d) is the circuit diagram of the
pick-up antenna rectification circuits with their sub-circuits
of nth middle-cell Cell-n applied thereto according to a fifth
embodiment of the present invention;

FIG. 31(a) to FIG. 31(e) is the circuit diagram of a
single-transformer soft-switching AC-DC rectification cir-
cuit and its sub-circuit of nth middle-cell Cell-n applied
thereto according to a sixth embodiment of the present
invention;

FIG. 32(a) to FIG. 32(e) is the circuit diagram of a
two-transformer soft-switching AC-DC rectification circuit
with its sub-circuits of nth middle-cell Cell-n applied thereto
according to a sixth embodiment of the present invention;

FIG. 33 is an example circuit diagram of the AC-DC
rectification circuit shown in FIG. 31(a) with FIG. 31(c)
sub-circuit and without middle-cell;

FIG. 34(a) to FIG. 34(d) shows the equivalent circuit of
the AC-DC rectification circuit shown in FIG. 33 when the
switches are turned on and turned off, respectively;

FIG. 35 shows several key waveforms of the circuit
shown in FIG. 33;

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

To achieve the foregoing objectives, a family of single-
transformer soft-switching low input current ripple inver-
sion circuit as the first embodiment of the present invention
is illustrated in FIG. 1(a). It is paralleled-connected with the
DC input voltage source Vi and converts DC voltage to an
output AC voltage via a transformer. The circuit includes
one top-cell (having four terminals labeled as in, 1, 2, 3, and
4), without or with several middle-cells (wherein nth
middle-cell is labeled as Cell-n and has six terminals labeled
as nl, n2, n3, n4, n5, and n6) and one bottom-cell (having
four terminals labeled as GND, 4, 5, and 6) series-connected
sequentially. Without middle-cell, the top-cell is series
connnected to the bottom-cell. On the other hand, several
middle-cells (Cell-1~Cell-x) can be inserted between the
top-cell and the bottom-cell to reduce the voltage stress of
the switches as shown in FIG. 1(a).
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As shown, the top-cell includes two clamping capacitors
(C1 and C2), the first impedance adjusting unit Zadjl and
the first semiconductor switch M1, wherein Zadj1 has four
terminals 1, 2, 3, and 4. The terminal 1 of the Zadjl, the
positive node of the input DC voltage (positive node V+),
and the upper node of the capacitor C1 are connected
together. The terminal 2 of the Zadj1, the upper terminals of
the M1 and the clamp capacitor C2 are connected together.
The terminal 3 of the Zadjl and the lower terminal of the
clamp capacitor C1 are connected together. The terminal 4
of the Zadj1 and the lower node of the M1 are connected
together. The lower nodes of the capacitor C1, the M1, and
the second clamp capacitor C2 are respectively connected to
the terminals 11, 12, and 13 of the first middle-cell-1.

The bottom-cell includes a third clamp capacitor C3, a
second impedance adjusting unit Zadj2 and a second semi-
conductor switch M2, wherein the Zadj2 has four terminals
1, 2, 3, and 4. The terminal 1 of the Zadj2 and the upper node
of the clamp capacitor C3 are connected together. The
terminal 2 of the Zadj2 and the upper node of the M2 are
connected together. The terminal 3 of the Zadj2, the negative
node of the input DC voltage (negative node GND), and the
lower node of the capacitor C3 are connected together. The
terminal 4 of the Zadj2 and the lower node of the M2 are
connected together. The upper nodes of the capacitor C3, the
M2, and the lower node of the M2 are respectively con-
nected to the terminals x4, x5, and x6 of the last middle-
cell-x.

Referring to FIG. 1(b), the nth middle-cell Cell-n is
realized by two clamping capacitors C4r and C5z, and two
switches M3» and M4#n. Terminals nl and n2 of the nth
middle-cell Cell-n are respectively connected to the upper
nodes of the clamping capacitor C4n and the switch M3xn.
Terminal n3 of the nth middle-cell Cell-n is connected to the
lower node of the switch M3r, the upper node of the switch
M4n, and the upper node of the clamping capacitor C5n.
Terminals n4, n5 and n6 of the nth middle-cell Cell-n are
respectively connected to the lower nodes of the clamping
capacitor C4n, the switch M4z, and the clamping capacitor
C5n.

Referring to FIG. 1(a), the terminals nl1, n2, and n3 of the
nth middle-cell Cell-n are respectively connected to termi-
nals (n-1)4, (n-1)5 and (n-1)6 of the previous middle-cell
Cell-(n—1). Moreover, the terminals n4, n5, and n6 of the nth
middle-cell Cell-n are respectively connected to terminals
(n+1)1, (n+1)2, (n+1)3 of the next middle-cell Cell-(n+1). If
more than two middle-cells are sequentially connected
between the top-cell and the bottom-cell, the terminals 4 and
5 of each middle-cell are connected together. However, this
connection doesn’t apply to the last middle-cell (Cell-x).

The switches shown in FIG. 1(a@) and FIG. 1(b) are thus
divided into two sets; M1-M31-M32- . . . -M3» and
M2-M41-M42- . . . -M4n. The switches in same set are
turned on and turned off simultaneously. Employing the
asymmetrical pulse-width-modulation (APWM) control or
near 50% duty cycle variable frequency (VF) control
schemes, two complementary sets of driver signals with a
fixed dead-time interval are issued by a controller (not
shown) to turn on or turn off the corresponding switch within
one switching cycle. Consequently, a fixed dead time is
provided and ZVS operation can be achieved.

As shown in FIG. 1(a), a single transformer T1 includes
two identical primary windings P1 and P2 and at least one
secondary winding S1. The first inductor Lr1 and the second
inductor Lr2 represent the respective leakage inductance of
the primary windings P1 and P2.
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To achieve substantial ripple reduction and a wide ZVS
operating range, two larger identical leakage inductances
Lrl and Lr2 are required. However, it is difficult to imple-
ment the required leakage inductance during transformer
construction. Therefore, minimizing each leakage induc-
tance with adding external large resonant inductor, Lr3 and
Lrd, is a more practical solution as shown in FIG. 1(¢) to
FIG. 1(e). As shown in FIG. 1(d), moreover, two capacitors
Cr3 and Cr4 are also added to be as a voltage source with the
APWM (asymmetrical pulse-width-modulation) control
scheme or as a resonant capacitor with near 50% duty cycle
variable frequency control scheme. Therefore, a broad range
ZVS operation can be achieved.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 1(¢), FIG. 1(a) is the first member of the
single-transformer soft-switching low input current ripple
inversion circuit of the present invention. As shown, the Lrl
and P1 are series-connected between the terminals 1 and 2
of the Zadjl. The third inductor Lr3 is connected between
the terminals 3 and 4 of the Zadj1. The fourth inductor Lr4
is connected between the terminals 1 and 2 of the Zadj2. The
Lr2 and P2 are series-connected between the terminals 3 and
4 ofthe Zadj2. The Lr3 and the [.r4 can be implemented with
two separate inductors or a two-winding coupling inductor.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 1 (d), FIG. 1(a) is the second member of the
single-transformer soft-switching low input current ripple
inversion circuit of the present invention. As shown, the Lrl
and P1 are series-connected between the terminals 1 and 2
of the Zadj1. The third inductor Lr3 and the sixth capacitor
Cr3 are connected between the terminals 3 and 4 of the
Zadjl. The fourth inductor L.r4 and seventh capacitor Crd
are connected between the terminals 1 and 2 of the Zadj2.
The Lr2 and P2 are series-connected between the terminals
3 and 4 of the Zadj2. The Lr3 and the Lr4 can be imple-
mented with two separate inductors or a two-winding cou-
pling inductor.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 1 (e), FIG. 1(a) is the third member of the
single-transformer soft-switching low input current ripple
inversion circuit of the present invention. As shown, the
third inductor Lr3 is connected between the terminals 1 and
2 of the Zadj1. The Lr1 and P1 are series-connected between
the terminals 3 and 4 of the Zadjl. The Lr2 and P2 are
series-connected between the terminals 1 and 2 of the Zad;2.
The fourth inductor Lr4 is connected between the terminals
3 and 4 of the Zadj2. The Lr3 and the Lr4 can be imple-
mented with two separate inductors or a two-winding cou-
pling inductor.

Three implementations of the DC-AC inversion circuit,
with none or one or more middle-cell inserted between the
top-cell and bottom-cell are possible for different input
voltage and power applications.

The first DC-AC inversion circuit is realized with series-
connected the top-cell and the bottom-cell. The Lr3 and/or
Cr3 in the Zadj1 and the Lr4 and/or Cr4 of the Zadj2 can be
shared as an inductor Lr and/or a capacitor Cr.

The second DC-AC inversion circuit is realized with the
top-cell, one middle-cell, and the bottom-cell connected in
series. The L.r3 and/or Cr3 in the Zadjl and the Lr4 and/or
Cr4 of the Zadj2 can be realized with the configurations as
shown in FIG. 1(c) to FIG. 1(e).

The third DC-AC inversion circuit is realized with the
top-cell, n (n=2) middle-cells, and the bottom-cell connected
in series. Besides the connection among the top-cell, middle-
cells, and bottom-cell, the terminals 14 and 15 of the first
middle-cell, the terminals 24 and 25 of the second middle-
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cell, and up to the terminals (n-1)4 and (n-1)5 of the (n-1)
middle-cell are connected together. The Lr3 and/or Cr3 in
the Zadj1 and the Lr4 and/or Cr4 of the Zadj2 can be realized
with the configurations as shown in FIG. 1(c) to FIG. 1(e).

To increase the output power, moreover, the single trans-
former T1 can be replaced with two transformers T1 and T2.
Each transformer has one primary winding and at least one
secondary winding being electrically connected in parallel
or series to produce the AC output as shown in FIG. 2(a).
The inductor Lrl (Lr2) represents the leakage inductance of
primary winding P1 (P2).

If a DC output voltage is required to a load, additional
rectified and filtered stages (not shown) are needed.

Because both circuits in FIG. 1(a) and FIG. 2(a) share the
same operating characteristics, consequently, the first
embodiment of the present invention will be disclosed by
using a single transformer DC-AC inversion circuits only.

In accordance with the present invention, power inversion
circuit of an application example of the first embodiment
and its operating stages are illustrated as shown in FIG. 3
and FIG. 4, respectively. It is constructed with the top-cell
and the bottom-cell connected in series. The MOSFETs
(M1-M2) shown in FIG. 3 and FIG. 4 are equivalent to the
switches (M1-M2) shown in FIG. 1(a). The Lr3-Cr3 in the
Zadjl and the Lr4-Crd of the Zadj2 can be shared with
Lr-Cr.

Assumed that the clamping capacitors C1 and C3 are
identical, the voltages across the clamping capacitors C1 and
C3 are equal to one-half DC input voltage Vi. Thus, as
shown in FIG. 4(a) to FIG. 4(d), there are four operation
stages within one switching cycle during steady-state opera-
tion.

As shown in FIG. 4(a), gate drive signal (not shown) is
issued to turn on the MOSFET M1 during the first time
interval. Three one-half input voltages are provided to the
P1, P2, Lr, and Cr via the following routes labeled by the
marks of the elements thereof sequentially:

(1) Vi(+)-Lr1-P1-M1-Cr-Lr-C3-Vi(-);

(2) C1(+)-Lr1-P1-M1-Cr-Lr-C1(-); and

(3) C2(+)-M1-Cr-Lr-C3-Lr2-P2-C2(-),

wherein the clamping capacitor C1 and clamping capacitor
C2 are discharged while the capacitor C3 is charged during
the first time interval.

As shown in FIG. 4(b), the gate drive signal (not shown)
is issued to turn off the MOSFETs M1 during a second time
interval (a fixed dead-time interval). The clamping capaci-
tors C2 is charged by the input voltage Vi and the energies
stored in the leakage inductances of the transformer T1. Due
to the volt-second balance applied to both the first and
second primary windings P1 and P2, the average voltage
across the clamping capacitor C2 is equal to the input
voltage Vi. The leakage energies are absorbed resulting in
having spike-free voltage waveform on the MOSFET MI1.

As shown in FIG. 4(c), gate drive signal (not shown) is
issued to turn on the MOSFET M2 during a third time
interval. Three one-half of input voltages are provided to the
P1, P2, Lr, and Cr via the following routes labeled by the
marks of the elements thereof sequentially:

(1) Vi(+)-C1-Lr-Cr-M2-P2-Lr2-Vin(-);

(2) C3(+)-Lr-Cr-M2-P2-Lr2-C3(-); and

(3) C2(+)-P1-Lr1-C1-Lr-Cr-M2-C2(-),

wherein the clamping capacitors C2 and C3 are discharged
while the capacitor C1 is charged during the third time
interval.

As shown in FIG. 4(d), the gate drive signal (not shown)
is issued to turn off the second MOSFET M2. The clamping
capacitors C2 is charged by the input voltage Vi and the
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energies stored in the leakage inductances of the transformer
T1. Due to the volt-second balance applied to both the first
and second primary windings P1 and P2, the average voltage
across the clamping capacitors C2 is equal to the input
voltage Vi. The leakage energies are absorbed resulting in
having spike-free voltage waveform on the MOSFET M2.

As an enhancement of the embodiment, the switches
installed in the power inversion circuit shown in FIG. 3 may
be other active semiconductor switches other than the MOS-
FETs M1 and M2 mentioned above.

Several key waveforms of the power inversion circuit of
the example of the first present invention are shown in FIG.
5. These waveforms are obtained by using simulation pro-
gram SIMPLIS with APWM control scheme.

Moreover, the operating characteristics are also verified
by the experimental results. Input current waveforms are
obtained with high-line light-load, and low-line full-load
operating conditions, as shown in FIG. 6(a) and FIG. 6(b),
respectively. Both waveforms are non-pulsating with small
current ripple. As a result, a smaller electromagnetic inter-
ference (EMI) filter can be used to meet the EMI regulation.

In addition, ZVS operations are achieved under low-line
40% load, low-line full-load, high-line 60% load, high-line
full-load operating conditions as shown in FIG. 7(a), FIG.
7(b), FI1G. 7(c), and FIG. 7(d), respectively.

Employing near 50% duty cycle control scheme, several
key waveforms of the power inversion circuit of the example
of'the first present invention are shown in FIG. 8. In addition
to preserving non-pulsating input current waveform, the
Vdsl and Vds2 are also turned on with ZVS operating
condition.

Moreover, the operating characteristics are also verified
by the experimental results. The input current waveforms are
measured under low-line full-load and high-line light-load
operation conditions as shown in FIG. 9(a) and FIG. 9(b),
respectively. As a result, a smaller electromagnetic interfer-
ence (EMI) filter can be used to meet the EMI regulation.

Under different line and load operation conditions, ZVS
operations are achieved under low-line light-load, low-line
full-load, high-line light-load, high-line full-load operating
conditions as shown in FIG. 10(a), FIG. 10(b), FIG. 10(c),
and FIG. 10(d), respectively.

Moreover, the power inversion circuit is constructed with
the top-cell, one middle-Cell, and the bottom-cell as shown
in FIG. 11. The MOSFETs M1, M31, M2, and M41 are used
as switches equivalent to the switches M1, M3#r, M2, and
M4dr (ie. n=1) shown in FIG. 1(a). Assumed that the
clamping capacitors C1 and C3 are identical, the voltages
across the clamping capacitors C1 and C3 are equal to
one-quarter DC input voltage Vi. Thus, as shown in FIG.
12(a) to FIG. 12(d), there are four operation stages within
one switching cycle during steady-state operation.

As shown in FIG. 12(a), gate drive signals (not shown)
are issued to turn on the MOSFET M1 and M41 during the
first time interval. Four one-quarter input voltages are pro-
vided to the P1, P2, Cr, and. Lr via the following routes
labeled by the marks of the elements thereof sequentially:
(1) Vi(+)-Lr1-P1-M1-Lr3-C41-C3-Vin(-);

(2) C1(+)-Lr1-P1-M1-Lr3-C1(-);

(3) C2(+)-M1-Lr3-C41-C3-Lr2-P2-C51(-)-C51(+)-C2(-);
and

(4) C51(+)-M41-Lr4-C3-Lr2-P2-C51(-)°

wherein the clamping capacitors C1, C2 and C51 are dis-
charged while the capacitor C3 and C41 are charged during
the first time interval.

As shown in FIG. 12(b), the gate drive signals (not
shown) are issued to turn off the MOSFETs M1 and M41
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during a second time interval (dead-time interval). The
clamping capacitors C2 and C51 are charged by the input
voltage Vi and the energies stored in the leakage inductances
of the transformer T1. Due to the volt-second balance
applied to both the first and second primary windings P1 and
P2, the average voltages across the clamping capacitors C2
and C51 (assumed C2=C51) are equal to one-half input
voltage Vi. The leakage energies are absorbed resulting in
having spike-free voltage waveform on the MOSFET M1
and M41.

The average voltages across C2, C51 and C41 are equal
to one-half DC input voltage and the average voltages across
C1 and C3 are equal to one-quarter DC input voltage.

As shown in FIG. 12(c¢), gate drive signals (not shown) are
issued to turn on the MOSFETs M2 and M31 during a third
time interval. Four one-quarter input voltages are provided
to the P1, P2, Cr, and Lr via the following routes labeled by
the marks of the elements thereof sequentially:

(1) Vi(+)-C1-Lr3-M31-C51-P2-Lr2-Vin(-);

(2) C2(+)-P1-Lr1-C1-Lr3-M31-C2(-);

(3) C3(+)-Lrd-M2-P2-Lr2-C3(-); and

(4) C3(+)-C41-Lr3-M31-C51-P2-Lr2-C3(-),
wherein the clamping capacitors C2, C3 and C41 are dis-
charged while the capacitors C1 and C51 are charged during
the third time interval.

As shown in FIG. 12(d), the gate drive signals (not
shown) are issued to turn off the MOSFETs M2 and M31
(dead-time interval). The clamping capacitors C2 and C51
are charged by the input voltage Vi and the energies stored
in the leakage inductances of the transformer T1. Due to the
volt-second balance applied to both the first and second
primary windings P1 and P2, the average voltages across the
clamping capacitors C2 and C51 (assumed C2=C51) are
equal to one-half input voltage Vi. The leakage energies are
absorbed resulting in having spike-free voltage waveform on
the MOSFET M2 and M31.

The average voltages across C2, C51 and C41 are equal
to one-half DC input voltage and the average voltages across
C1 and C3 are equal to one-quarter DC input voltage.

As an enhancement of the embodiment, the switches
installed in the power inversion circuit shown in FIG. 11
may be other active semiconductor switches other than the
MOSFETs M1, M2, M41 and M31 mentioned above.

Another family of single-transformer soft-switching low
input current ripple inversion circuit as a second embodi-
ment of the present invention is illustrated in FIG. 13(a). The
primary side of the inversion circuit includes two series
circuits, a first impedance adjusting unit Zadj, a clamp
capacitor C2. The input DC voltage source Vi is converted
to an output AC voltage via magnetically coupled to at least
one secondary winding S1 of a transformer T1. The first
series circuit is paralleled connected to the input DC voltage
including a first input capacitor C1 and a third input capaci-
tor C3 connected in series. The upper terminal of the first
capacitor C1 and the lower terminal of the third capacitor C3
are respectively connected to the positive node and the
negative node of the input voltage Vi. The second series
circuit composed of a first semiconductor switch M1, at least
one middle cell and a second semiconductor switch M2. The
nth middle-cell has four terminals nl, n2, n3, and n4
includes a third semiconductor switch M3#, a fourth semi-
conductor switch M4#n, and a fourth capacitor C4n as shown
in FIG. 13 (). The third semiconductor switch M3z is
connected between terminals nl and n2 of the nth middle-
cell. The fourth semiconductor switch M4r is connected
between terminals n3 and n4 of the nth middle-cell. The
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fourth capacitor C4r is connected between the terminal nl
and terminal n4 of the nth middle-cell.

The terminals 11, 14 of the first middle-cell are respec-
tively connected to the lower node of the first semiconductor
switch M1 and the upper node of the second semiconductor
switch M2. Several middle-cells can be connected in series
to reduce the voltage stress of the switches. Thus, the
terminal 12, 13 of the first middle-cell are respectively
connected to the terminals 21, 24 of the second middle-cell.
Accordingly, the terminals (n-1)2 and (n—1)3 of the (n-1)th
middle-cell are respectively connected to the terminals nl
and n4 of the nth middle-cell. However, the terminal n2 and
n3 of the last middle-cell are connected together.

The upper node and the lower node of the clamp capacitor
C2 are respectively connected to the upper node of the first
semiconductor switch M1 and the lower node of the second
semiconductor switch M2.

The Zadj has six terminals 1, 2, 3, 4, 5, and 6. Terminals
1, 2, 3, 4, 5, and 6 are respectively connected to the upper
node of the C1, the upper node of the M1, the lower node of
the C1 (the upper node of the C3), the terminal n2 (n3) of
the last middle-cell, the lower node of the C3, and the lower
node of the M2.

The switches shown in FIG. 13(a) and FIG. 13(4) with n
middle-cells are divided into two sets; M1-M31-M32- . . .
-M3#n and M2-M41-M42- . . . -M4n. The switches in same
set are turned on and turned off simultaneously. Employing
the asymmetrical pulse-width-modulation (APWM) control
or near 50% duty cycle variable frequency (VF) control
schemes, two complementary sets of driver signals with a
fixed dead-time interval are issued by a controller (not
shown) to turn on or turn off the corresponding switch within
one switching cycle. Consequently, ZVS operation can be
achieved.

As shown in FIG. 13(¢), FIG. 13(d), and FIG. 13(e) are
three networks can be used to implement the Zadj, in which
the P1 and P2 represent two identical primary windings of
the transformer T1. The Lrl and Lr2 represent the leakage
inductance of the transformer primary windings P1 and P2.
To achieve substantial ripple reduction and a wide ZVS
operating range, two larger identical leakage inductances
Lrl and Lr2 are required. However, it is difficult to imple-
ment the required leakage inductance during transformer
construction. Therefore, minimizing each leakage induc-
tance with adding a common external large resonant induc-
tor is a more practical solution as shown in FIG. 13(c) to
FIG. 13(e).

Moreover, an external resonant capacitor Cr3 may also be
needed as shown in FIG. 13(d). It can be used as a voltage
source with the APWM (asymmetrical pulse-width-modu-
lation) control scheme or it can be used as a resonant
capacitor with near 50% duty cycle variable frequency
control scheme.

By using the configuration of the Zadj as shown in FIG.
13(¢), FIG. 13(a) is a first member of the single-transformer
soft-switching low input current ripple inversion circuit of
the present invention. As shown, the Lrl and P1 are series-
connected between the terminals 1 and 2 of the Zadj. The
third inductor Lr3 is connected between the terminals 3 and
4 of the Zadj. The Lr2 and P2 are series-connected between
the terminals 5 and 6 of the Zadj.

By using the configuration of the Zadj as shown in FIG.
13(d), FIG. 13(a) is a second member of the single-trans-
former soft-switching low input current ripple inversion
circuit of the present invention. As shown, the Lrl and P1
are series-connected between the terminals 1 and 2 of the
Zadj. The third inductor Lr3 and the fifth capacitor Cr3 is
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connected in series between the terminals 3 and 4 of the
Zadj. The Lr2 and P2 are series-connected between the
terminals 5 and 6 of the Zadj.

By using the configuration of the Zadj as shown in FIG.
13(e), F1IG. 13(a) is a third member of the single-transformer
soft-switching low input current ripple inversion circuit of
the present invention. As shown, the third inductor Lr2 is
connected between the terminals 1 and 2 of the Zadj. The
Lrl and P1 are series-connected between the terminals 3 and
4 of the Zadj. The Lr3 is connected between the terminals 5
and 6 of the Zadj. The Lr2 and the L.r3 can be implemented
with two separate inductors or a two-winding coupling
inductor.

Therefore, the voltage stress on the MOSFETs can be
reduced to 1/(n+1) input voltage in which n is the number of
the middle-cell inserted.

To increase the output power, moreover, the single trans-
former T1 can be replaced with two transformers T1 and T2.
The inductor Lrl (Lr2) represents the leakage inductance of
primary winding P1 (P2) or one separate inductor. Each
transformer has one primary winding and at least one
secondary being electrically connected in parallel or series
to produce the AC output as shown in FIG. 14(a).

If a DC output voltage is required to a load, additional
rectified and filtered stages (not shown) are needed.

Because both circuits in FIG. 13(a) and FIG. 14(a) share
the same operating characteristics, consequently, the second
embodiment of the present invention will be disclosed by
using a single transformer DC-AC inversion circuit only.

In accordance with the present invention, power inversion
circuit of an application example of the second embodiment
and its operating stages are illustrated as shown in FIG. 15
and FIG. 16, respectively. Two series circuits are parallel-
connected with the DC input. The first series circuit includes
two input capacitors C1 and C3. The second series circuit
includes primary P1 of transformer T1, a first switch M1, a
third switch M31, a fourth switch M41, a second switch M2,
and primary P2 of transformer T1 connected in series
sequentially. The center node of the first series circuit
(C1-C3) and the center-node of the second series circuit
(M31-M41) are coupled by a third inductor Lr3. The fourth
capacitor C41 is connected between the upper node of the
third semiconductor switch M31 and the lower node of the
fourth semiconductor switch M41. The transformer T1
includes two identical primary windings P1 and P2 and at
least one secondary winding S1. The first inductor Lrl and
the second inductor Lr2 represent the respective leakage
inductance of the primary windings P1 and P2.

It has an advantage to obtain lower equivalent R,
with two low-voltage rating MOSFETs connected in series.
Consequently, the conduction losses can be reduced and the
converter efficiency can be improved.

Assumed that the clamping capacitors C1 and C3 are
identical, the voltages across the clamping capacitors C1 and
C3 are equal to one-half DC input voltage Vi. Thus, as
shown in FIG. 16(a) to FIG. 16(d), there are four operation
stages within one switching cycle during steady-state opera-
tion.

As shown in FIG. 16(a), gate drive signals (not shown)
are issued to turn on the MOSFETs M1 and M31 during the
first time interval. Three one-half input voltages are pro-
vided to the P1, P2, and Lr3 via the following routes labeled
by the marks of the elements thereof sequentially:

(1) Vi(+)-Lr1-P1-M1-M31-Lr3-C3-Vi(-);
(2) C1(+)-Lr1-P1-M1-M31-Lr3-C1(-); and
(3) C2(+)-M1-M31-Lr3-C3-Lr2-P2-C2(-),
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in which the clamping capacitor C1 and clamping capacitor
C2 are discharged while the capacitor C3 is charged during
the first time interval.

As shown in FIG. 16(b), the gate drive signals (not
shown) are issued to turn off the MOSFETs M1 and M31
during a second time interval (a fixed dead-time interval).
The clamping capacitors C2 is charged by the input voltage
Vi and the energies stored in the leakage inductances of the
transformer T1. Due to the volt-second balance applied to
both the first and second primary windings P1 and P2, the
average voltage across the clamping capacitor C2 is equal to
the input voltage Vi. Because the capacitor C,; is clamped
to one-half input voltage and the leakage energies are
absorbed resulting in having maximum one-half input volt-
age with spike-free voltage waveform on the MOSFETs M1
and M31.

As shown in FIG. 16(c), the gate drive signals (not shown)
are issued to turn on the MOSFETS M2 and M41 during a
third time interval. Three one-half of input voltages are
provided to the P1, P2, L.r3, and Cr via the following routes
labeled by the marks of the elements thereof sequentially:
(1) Vi(+)-C1-Lr3-M41-M2-P2-Lr2-Vin(-),

(2) C3(+)-Lr3-M41-M2-P2-Lr2-C3(-); and

(3) C2(+)-P1-Lr1-C1-Lr3-M41-M2-C2(-),

in which the clamping capacitors C2 and C3 are discharged
while the capacitor C1 is charged during the third time
interval.

As shown in FIG. 16(d), the gate drive signals (not
shown) are issued to turn off the second MOSFETS M2 and
M41. The clamping capacitors C2 is charged by the input
voltage Vi and the energies stored in the leakage inductances
of the transformer T1. Due to the volt-second balance
applied to both the first and second primary windings P1 and
P2, the average voltage across the clamping capacitors C2 is
equal to the input voltage Vi. Because the capacitor C,; is
clamped to one-half input voltage and the leakage energies
are absorbed resulting in having maximum one-half input
voltage with spike-free voltage waveform on the MOSFETs
M2 and M41.

As an enhancement of the embodiment, the switches
installed in the power inversion circuit shown in FIG. 15
may be other active semiconductor switches other than the
MOSFETs M1, M41, M31 and M2 mentioned above.

Moreover, the desired low current-ripple, low voltage
stress and soft-switching operation on semiconductor
switches performance of the inversion circuit can be
extended to the rectifier circuit and will be described below.

A family of single-transformer soft-switching low output
current-ripple rectification circuit as a third embodiment in
accordance with the present invention is illustrated in FIG.
17. It is used to convert AC voltage received at a primary
winding P1 of a transformer T1 to a DC output voltage. The
secondary side of the transformer includes three series-
connected circuits formed by one transformer T1, two
switches (as the rectifiers) M1 and M2, one output inductor
Lo, one output capacitor Co and one clamping capacitor Cc.
The transformer T1 has at least one primary winding P1 and
at least one pair of secondary windings S1 and S2 having
identical turns.

All three series circuits are connected in parallel. The first
series circuit includes the first secondary winding S1 and the
first switch M1. The second series circuit includes the
second switch M2 and the second secondary winding S2.
The third series circuit includes the output inductor Lo and
output capacitor Co. Across the output capacitor within the
third series circuit, a DC output voltage Vo is produced to
provide a load R;.
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Lrl or Lr2 represents the leakage inductance with or
without a series external inductor of the transformer sec-
ondary windings S1 and S2, respectively.

The two terminals of the clamping capacitor Cc are
connected between the center nodes of the first series circuit
and the second series circuit.

At least one transformer primary provides said AC volt-
age and magnetically coupled to transformer secondary
windings.

Operationally, the DC output voltage, V_, is charged by
the clamping capacitor C,_ via the two transformer secondary
windings (S1 and S2) and the average voltage across Cc is
thus clamped to the output voltage.

Another member of the third embodiment according to
the present invention is shown in FIG. 18. Two transformers
T1 and T2 are used to replace the single transformer T1.
Primary P1 of transformer T1 and primary P2 of transformer
T2 correspond to primary P1 and primary P2 of FIG. 17.
Each transformer has at least one primary winding being
electrically connected in parallel or series to provide the AC
input voltage. The circuit of FIG. 18 has an advantage to
achieve high output power capability with two transformers
instead of employing interleaved technique with two power
converters.

Because both circuits in FIG. 17 and FIG. 18 share the
same operating characteristics, consequently, the third
embodiment of the present invention will be disclosed by
using a single transformer AC-DC rectification circuit only.

In accordance with the present invention, power rectifi-
cation circuit of an application example of the third embodi-
ment and its operating stages are illustrated as shown in FIG.
19 and FIG. 20, respectively. Rectifier diodes D1-D2 shown
in FIG. 19 are used to be the switches M1-M2 shown in FIG.
17. The non-dot node of the secondary wingding S1 and the
dot node of the secondary winding S2 are coupled by the
capacitor Cec.

Referring to FIG. 20(a), the AC voltage of the primary
winding P1 is coupled to the first secondary winding S1 and
the second secondary winding S2. The first rectifier diode
D1 and the second rectifier diode D2 are forward biased to
be turned on during the first time interval. In addition to the
output filter capacitor Co, the load currents are provided via
S1(dot)-Lrl-Lo-RL-D1-S1(non-dot) and S2 (dot)-D2-Lo-
RL-Lr2-S2(non-dot), while the capacitor Cc is charged via
Lo-RL-D1-Cc-D2-Lo.

During the second time interval, the first secondary wind-
ing S1 and the second secondary winding S2 applied with
the reverse voltage. Consequently, the first rectifying diode
D1 and the second rectifying diode D2 are thus turned off as
shown in FIG. 20(5). The energies stored in the capacitor Cc
and the transformer leakage inductance provide output cur-
rent to the load RL via Cc(+)-S1-Lrl-Lo-RL-Lr2-S2-Cc(-).
Because of the load currents provided by the clamp capaci-
tor Cc, the first rectifier diode D1 and the second rectifier
diode D2 are operated at zero current. The leakage induc-
tance energy of the transformer T1 is absorbed, therefore,
the voltage waveforms of the first and second rectifier diodes
D1, D2 are spike-free. Due to help of the clamp capacitor
Cc, moreover, the current ripple of the output filter capacitor
Co will be greatly reduced resulting in minimizing the
required output capacitance.

Several key waveforms obtained by computer simulation
program SIMPLIS is shown in FIG. 21. It includes the
voltage waveform VP1 of the first primary winding P1 of the
transformer, the current waveforms of the rectifier diodes
D1, D2, the capacitor Cc, the output filter inductor Lo and
the output filter capacitor Co. It shows that the rectifier
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diodes D1 and D2 are operated with zero current operation
and the output capacitor Co has low current ripple.

In accordance with the present invention, power rectifi-
cation circuit of another application example of the third
embodiment and its operating stages are illustrated as shown
in FIG. 22 and FIG. 23, respectively. Rectifier diodes D1-D2
shown in FIG. 22 are used to be the switches M1-M2 shown
in FIG. 17. The dot node of the secondary wingding S1 and
the non-dot node of the secondary winding S2 are coupled
by the capacitor Cc.

Referring to FIG. 23(a), the AC voltage of the primary
winding P1 is coupled to the first secondary winding S1 and
the second secondary winding S2. The first rectifier diode
D1 and the second rectifier diode D2 are forward biased to
be turned on during the first time interval. The capacitor Cc
is charged via S1(dot)-Cc-D2-Lr1-S1(non-dot) and S2(dot)-
D1-Cc-S2(non-dot)-Lr2. In addition to the output filter
capacitor Co, the load current is provided via Lo-RL-D1-
Cc-D2-Lo.

During the second time interval, the first secondary wind-
ing S1 and the second secondary winding S2 applied with
the reverse voltage. Consequently, the first rectifying diode
D1 and the second rectifying diode D2 are thus turned off as
shown in FIG. 23(4). The energies stored in the capacitor Cc
and the transformer leakage inductance provide output cur-
rent to the load. RL via. Cc(+)-S1-Lrl1-Lo-RL-L.r2-S2-Cc
(-). Because of the load currents provided by the clamp
capacitor Cc, the first rectifier diode D1 and the second
rectifier diode D2 are operated at zero current. The leakage
inductance energy of the transformer T1 is absorbed, there-
fore, the voltage waveforms of the first and second rectifier
diodes D1, D2 are spike-free. Due to help from the clamp
capacitor Cc, moreover, the current ripple of the output filter
capacitor Co will be greatly reduced resulting in minimizing
the required output capacitance.

Several key waveforms obtained by computer simulation
program SIMPLIS is shown in FIG. 24. It includes the
voltage waveform VP1 of the first primary winding P1 of the
transformer, the current waveforms of the rectifier diodes
D1, D2, the capacitor Cc, the output filter inductor Lo and
the output filter capacitor Co. It shows that the rectifier
diodes D1 and D2 are operated with zero current operation
and the output capacitor Co has low current ripple.

In accordance with the present invention, power rectifi-
cation circuit of an application example of the third embodi-
ment and its operating stages are illustrated as shown in FI1G.
25 and FIG. 26, respectively. Rectifier diodes D1-D2 shown
in FIG. 25 are used to be the switches M1-M2 shown in FIG.
17. The non-dot node of the secondary wingding S1 and the
non-dot node of the secondary winding S2 are coupled by
the capacitor Cc.

Thus, as shown in FIG. 26(a) to FIG. 26(d), the diodes D1
and D2 are biased to be turned on and turned off alterna-
tively. There are four operation stages within one switching
cycle during steady-state operation.

As shown in FIG. 26(a), the first diode D1 is turned on
due to its forward-biased operating condition provided by
the voltage of the first secondary winding S1 in this time
interval. The first secondary winding S1 couples the input
AC voltage to charge the output capacitor Co and the load
R sequentially via the S1(dot)-Lr1-Lo-R;-D1-S1(non-dot).
At the same time, the clamping capacitor Cc is charged by
the second secondary winding S2 via the S2(dot)-Lr2-D1-
Cc-S2(non-dot). The output capacitor Co and clamping
capacitor Cc are charged during this time interval.

As shown in FIG. 26(b), D1 is turned off due to its
reverse-biased operating condition provided by the voltage



US 9,473,045 B2

15

of the first secondary winding S1 in this time interval. The
output current are provided by the energies stored in the
leakage inductances (Lrl and Lr2) and the clamping capaci-
tor Cc via. Cc(+)-S1-Lrl-Lo-RL-Lr2-S2-Cc(-). Due to the
current commutation between the clamping capacitor Cc and
D1, the zero-current operation of the D1 can be achieved.
The average voltage across the clamping capacitor Cc is
equal to output voltage because of the volt-second balance
applied to the S1, S2, and Lo. Since leakage energy is
absorbed, therefore, the voltage waveform of the first diode
D1 has no voltage spike. Moreover, due to the help of the
clamping capacitor Cc, the output filter capacitor current
ripple is reduced resulting in minimizing the required output
capacitor Co.

As shown in FIG. 26(c), the second diode D2 is turned on
due to its forward-biased operating condition provided by
the voltage of the second secondary winding S2 in this time
interval. The second secondary winding S2 couples the input
AC voltage to charge the output capacitor Co and the load
R, sequentially via the S2(non-dot)-D2-Lo-R,-L.r2-S2(dot).
At the same time, the clamping capacitor Cc is charged by
the first secondary winding S1 via the S1(non-dot)-Cc-D2-
Lr2-S1(dot). The output capacitor Co and clamping capaci-
tor Cc are charged during this time interval.

As shown in FIG. 26(d), D2 is turned off due to its
reverse-biased operating condition provided by the voltage
of the second secondary winding S2 in this time interval.
The output current are provided by the energies stored in the
leakage inductances (Lrl and Lr2) and the clamping capaci-
tor Cc via Ce(+)-S1-Lr1-Lo-RL-Lr2-S2-Ce(-). Due to the
current commutation between the clamping capacitor Cc and
D2, the zero-current operation of the D2 can be achieved.
The average voltage across the clamping capacitor Cc is
equal to output voltage because of the volt-second balance
applied to the S1, S2, and Lo. Since leakage energy is
absorbed, therefore, the voltage waveform of the second
diode D2 has no voltage spike. Moreover, due to the help of
the clamping capacitor Cc, the output filter capacitor current
ripple is reduced resulting in minimizing the required output
capacitor Co.

Employing near 50% duty cycle control scheme to the
circuit as shown in FIG. 25, several key waveforms of the
power rectification circuit of the third present invention are
shown in FIG. 27. As shown, most of the output currents are
provided by the inductor resulting in having small output
filter capacitor current ripple I,. In addition, the I,, and I,
are commutated with the current through the clamping
capacitor [, during D1 or D2 turn-off time interval. Con-
sequently, both diodes are turned off with ZCS operating
condition.

In the foregoing embodiments, the rectifier diodes are
used as rectifiers. However, as an enhancement of the
embodiment to improve the efficiency, the rectifiers may be,
for example, synchronous rectifiers or a combination of one
diode and one synchronous rectifier.

A family of single-transformer soft-switching low output
current-ripple rectification circuit as a fourth embodiment
according to the present invention is shown in FIG. 28. Two
switch pairs, M1-M11 and M2-M21 are used to replace the
switches M1 and M2 (as shown in FIG. 17), respectively. To
assure the voltage sharing among the switches, the center
nodes between the first switch-pair M1-M11 and the second
switch-pair M2-M21 are connected together. It has an
advantage to achieve lower forward voltage with two low-
voltage rating diodes connected in series. Consequently,
lower voltage rating MOSFET can be used resulting in
reducing the conduction losses and improving the converter
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efficiency. The circuit of FIG. 28 has the advantages to be
suitable for the high output voltage applications.

Another member of the fourth embodiment according to
the present invention is shown in FIG. 29. Two transformers
T1 and T2 are used to replace the single transformer T1.
Primary P1 of transformer T1 and primary P2 of transformer
T2 correspond to primary P1 and primary P2 of FIG. 28.
Each transformer has at least one primary winding being
electrically connected in parallel or series to provide the AC
output voltage. The circuit of FIG. 29 has an advantage to
achieve high output power capability with two transformers
instead of employing interleaved technique with two power
converters.

The rectification circuits as shown in FIG. 17, FIG. 18,
FIG. 28, and FIG. 29 have different number of transformers
and switches for different the output voltage and/or output
power applications. However, same operating characteristics
can be shared each other. Moreover, switches M1, M11, M2,
and M21 are not limited to diodes. Other types of active
semiconductor switches (eg: MOSFET) can be used to
provide synchronous rectification to improve rectification
efficiency.

A family of the rectification circuit as a fifth embodiment
in accordance with the present invention is illustrated in
FIG. 30(a). Instead of using a magnetic transformer T1, a
device such as pick-up antenna can be used as a receiver to
have AC voltage. Consequently, this AC voltage is con-
verted to a DC output voltage across the load RL. It includes
one top-cell (having four terminals labeled as Vo, 1, 2, and
3), several middle-cells (in which nth middle-cell is labeled
as Cell-n and has six terminals nl1, n2, n3, n4, n5, and n6)
and one bottom-cell (having four terminals labeled as GND,
4, 5, and 6) series-connected sequentially.

As shown, the top-cell includes two clamping capacitors
(C1 and C2), the first impedance adjusting unit Zadjl and
the first semiconductor switch M1, in which Zadj1 has four
terminals 1, 2, 3, and 4. The terminal 1 of the Zadjl is
connected to the upper node of the capacitor C1. The
terminal 2 of the Zadjl1, the upper nodes of the M1 and the
clamp capacitor C2 are connected together. The terminal 3
of the Zadj1 and the lower node of the clamp capacitor C1
are connected together. The terminal 4 of the Zadj1 and the
lower node of the M1 are connected together. The lower
node of the capacitor C1, the lower node of the M1, and the
second clamp capacitor C2 are respectively connected to the
terminals 11, 12, and 13 of the first middle-cell-1.

The bottom-cell includes a third clamp capacitor C3, a
second impedance adjusting unit Zadj2 and a second semi-
conductor switch M2, in which the Zadj2 has four terminals
1, 2, 3, and 4. The terminal 1 of the Zadj2 and the upper node
of the clamp capacitor C3 are connected together. The
terminal 2 of the Zadj2 and the upper node of the M2 are
connected together. The terminal 3 of the Zadj2, the negative
node of the output DC voltage (negative node GND), and the
lower node of the capacitor C3 are connected together. The
terminal 4 of the Zadj2 and the lower node of the M2 are
connected together. The upper node of the capacitor C3 and
the upper node of the M2, and the lower node of the M2 are
respectively connected to the terminals x4, x5, and x6 of the
last middle-cell-x.

To increase the output voltage, several middle-cells can be
inserted between the top-cell and the bottom-cell as shown
in FIG. 30(a). Referring to FIG. 30(), the nth middle-cell
Cell-n is realized by two clamping capacitors (C4r and C5r)
and two switches (M3# and M4r). Terminals nl and n2 of
the nth middle-cell Cell-n are respectively connected to the
upper nodes of the clamping capacitor C4n and the switch
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M3#. Terminal n3 of the nth middle-cell Cell-n is connected
to the lower node of the switch M3z, the upper node of the
switch M4z, and the upper node of the clamping capacitor
C5pn. Terminals n4, n5 and n6 of the nth middle-cell Cell-n
are respectively connected to the lower node of the clamping
capacitor C4n, the lower node of the switch M4z, and the
lower node of the clamping capacitor C5z.

Referring to FIG. 30(a), the terminals nl, n2, and n3 of
the nth middle-cell Cell-n are respectively connected to
terminals (n-1)4, (n-1)5 and (n-1)6 of the previous middle-
cell Cell-(n-1). Moreover, the terminals n4, n5, and n6 of the
nth middle-cell Cell-n are respectively connected to termi-
nals (n+1)1, (n+1)2, (n+1)3 of the next middle-cell Cell-(n+
1). If more than two middle-cells are sequentially connected
between the top-cell and the bottom-cell, the terminals 4 and
5 of each middle-cell are connected together. However, this
connection doesn’t apply to the last middle-cell (Cell-x).

The switches shown in FIG. 30(a) and FIG. 30(4) with n
middle-cells are divided into two sets; M1-M31-M32- . . .
-M3r and M2-M41-M42- . . . -M4n. The switches in same
set are turned on and turned off simultaneously.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 30(c), FIG. 30(a) is the first member of the
soft-switching low out current ripple inversion circuit of the
present invention. As shown, the AC1 voltage is connected
between the terminals 1 and 2 of the Zadj1. The first inductor
Lr1 is connected between the terminals 3 and 4 of the Zadj1.
The second inductor Lr2 is connected between the terminals
1 and 2 of the Zadj2 and the AC2 voltage is connected
between the terminals 3 and 4 of the Zadj2. The Lrl and the
Lr2 can be implemented with two separate inductors or a
two-winding coupling inductor.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 30(d), FIG. 30(a) is the second member of the
soft-switching low out current ripple inversion circuit of the
present invention. As shown, the first inductor Lr1 is con-
nected between the terminals 1 and 2 of the Zadj1. The AC1
voltage is connected between the terminals 3 and 4 of the
Zadjl. The AC2 voltage is connected between the terminals
1 and 2 of the Zadj2 and the second inductor Lr2 is
connected between the terminals 3 and 4 of the Zadj2. The
Lrl and the Lr2 can be implemented with two separate
inductors or a two-winding coupling inductor.

A family of single-transformer soft-switching low output
current-ripple rectification circuit as the sixth embodiment
of the present invention is illustrated in FIG. 31(a). The
circuit includes one top-cell (having four terminals labeled
asin, 1, 2, 3, and 4), without or with several middle-cells (in
which nth middle-cell is labeled as Cell-n and has six
terminals labeled as nl, n2, n3, nd4, n5, and n6) and one
bottom-cell (having four terminals labeled as GND, 4, 5, and
6) series-connected sequentially. Without middle-cell, the
top-cell is series connected to the bottom-cell. On the other
hand, several middle-cells (Cell-1~Cell-x) can be inserted
between the top-cell and the bottom-cell to reduce the
voltage stress of the switches as shown in FIG. 31(a).

As shown, the top-cell includes two clamping capacitors
(C1 and C2), the first impedance adjusting unit Zadjl and
the first semiconductor switch M1, in which Zadj1 has four
terminals 1, 2, 3, and 4. The terminal 1 of the Zadjl, the
positive node of the output DC voltage (positive node Vo),
and the upper node of the capacitor C1 are connected
together. The terminal 2 of the Zadj1, the upper nodes of the
M1 and the clamp capacitor C2 are connected together. The
terminal 3 of the Zadj1 and the lower terminal of the clamp
capacitor C1 are connected together. The terminal 4 of the
Zadj1 and the lower node of the M1 are connected together.

20

25

40

45

55

18

The lower nodes of the capacitor C1, the M1, and the second
clamp capacitor C2 are respectively connected to the termi-
nals 11, 12, and 13 of the first middle-cell-1.

The bottom-cell includes a third clamp capacitor C3, a
second impedance adjusting unit Zadj2 and a second semi-
conductor switch M2, in which the Zadj2 has four terminals
1, 2, 3, and 4. The terminal 1 of the Zadj2 and the upper node
of the clamp capacitor C3 are connected together. The
terminal 2 of the Zadj2 and the upper node of the M2 are
connected together. The terminal 3 of the Zadj2, the negative
node of the output DC voltage (negative node GND), and the
lower node of the capacitor C3 are connected together. The
terminal 4 of the Zadj2 and the lower node of the M2 are
connected together. The upper nodes of the capacitor C3 and
the M2, and the lower node of the M2 are respectively
connected to the terminals x4, x5, and x6 of the last
middle-cell-x.

To increase the output voltage, several middle-cells Cell-
1~Cell-x can be inserted between the top-cell and the
bottom-cell as shown in FIG. 31(a). Referring to FI1G. 31(5),
the nth middle-cell Cell-n is realized by two clamping
capacitors (C4n and C5r) and two switches (M3# and Mdn).
Terminals nl and n2 of the nth middle-cell Cell-n are
respectively connected to the upper nodes of the clamping
capacitor C4n and the switch M3#. Terminal n3 of the nth
middle-cell Cell-n is connected to the lower node of the
switch M3#, the upper node of the switch M4z, and the
upper node of the clamping capacitor C5x. Terminals n4, nS
and n6 of the nth middle-cell Cell-n are respectively con-
nected to the lower node of the clamping capacitor C4n, the
lower node of the switch M4#, and the lower node of the
clamping capacitor C5n.

Referring to FIG. 31(a), the terminals nl, n2, and n3 of
the nth middle-cell Cell-n are respectively connected to
terminals (n-1)4, (n-1)5 and (n-1)6 of the previous middle-
cell Cell-(n-1). Moreover, the terminals n4, n5, and n6 of the
nth middle-cell Cell-n are respectively connected to termi-
nals (n+1)1, (n+1)2, (n+1)3 of the next middle-cell Cell-(n+
1). If more than two middle-cells are sequentially connected
between the top-cell and the bottom-cell, the terminals 4 and
5 of each middle-cell are connected together. However, this
connection doesn’t apply to the last middle-cell (Cell-x).

The switches shown in FIG. 31(a) and FIG. 31(4) with n
middle-cells are divided into two sets; M1-M31-M32- . . .
-M3#n and M2-M41-M42- . . . -M4n. The switches in same
set are turned on and turned off simultaneously.

As shown in FIG. 31(a), a single transformer T1 includes
two identical primary windings P1 and P2 and at least one
secondary winding S1 in which the first primary winding P1
and the second primary winding P2 have the same number
of turns. The first inductor Lrl and the second inductor Lr2
represent the respective leakage inductance of the secondary
windings S1 and S2.

To achieve substantial ripple reduction and a wide ZCS
operating range, two larger identical leakage inductances
Lrl and Lr2 are required. However, it is difficult to imple-
ment the required leakage inductance during transformer
construction. Therefore, minimizing each leakage induc-
tance with adding external large resonant inductor, Lr3 and
Lrd, is a more practical solution as shown in FIG. 31(c) to
FIG. 31(e). Moreover, a sixth capacitor Cr3 and a seventh
capacitor Cr4 are also needed.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 31(c¢), FIG. 31(a) is the first member of the
single-transformer soft-switching low output current-ripple
rectification circuit of the present invention. As shown, the
Lrl and S1 are series-connected between the terminals 1 and
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2 of the Zadj1. The third inductor Lr3 is connected between
the terminals 3 and 4 of the Zadj1. The fourth inductor Lr4
is connected between the terminals 1 and 2 of the Zadj2. The
Lr2 and S2 are series-connected between the terminals 3 and
4 ofthe Zadj2. The Lr3 and the L.r4 can be implemented with
two separate inductors or a two-winding coupling inductor.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 31(d), FIG. 31(a) is the second member of the
single-transformer soft-switching low output current-ripple
rectification circuit of the present invention. As shown, the
Lrl and S1 are series-connected between the terminals 1 and
2 ofthe Zadj1. The third inductor Lr3 and the sixth capacitor
Cr3 are connected between the terminals 3 and 4 of the
Zadjl. The fourth inductor Lr4 and seventh capacitor Cr4
are connected between the terminals 1 and 2 of the Zadj2.
The Lr2 and S2 are series-connected between the terminals
3 and 4 of the Zadj2. The Lr3 and the Lr4 can be imple-
mented with two separate inductors or a two-winding cou-
pling inductor.

By using the configuration of the Zadj1 and the Zadj2 as
shown in FIG. 31(e), FIG. 31(a) is the third member of the
single-transformer soft-switching low output current-ripple
rectification circuit of the present invention. As shown, the
third inductor Lr3 is connected between the terminals 1 and
2 ofthe Zadj1. The Lr1 and S1 are series-connected between
the terminals 3 and 4 of the Zadjl. The Lr2 and S2 are
series-connected between the terminals 1 and 2 of the Zad;2.
The fourth inductor Lr4 is connected between the terminals
3 and 4 of the Zadj2. The Lr3 and the Lr4 can be imple-
mented with two separate inductors or a two-winding cou-
pling inductor.

Three implementations of the AC-DC rectification circuit,
with none or one or more middle-cell inserted between the
top-cell and bottom-cell are possible for different output
voltage and power applications.

The first AC-DC rectification circuit is realized with
series-connected the top-cell and the bottom-cell. The Lr3
and/or Cr3 in the Zadjl and the Lr4 and/or Cr4 of the Zadj2
can be shared as an inductor Lr and/or a capacitor Cr.

The second AC-DC rectification circuit is realized with
the top-cell, one middle-cell, and the bottom-cell connected
in series. The Lr3 and/or Cr3 in the Zadj1 and the L.r4 and/or
Cr4 of the Zadj2 can be realized with the configurations as
shown in FIG. 31(c) to FIG. 31(e).

The third AC-DC rectification circuit is realized with the
top-cell, n (n=2) middle-cells, and the bottom-cell connected
in series. Besides the connection among the top-cell, middle-
cells, and bottom-cell, the terminals 14 and 15 of the first
middle-cell, the terminals 24 and 25 of the second middle-
cell, and up to the terminals (n-1)4 and (n-1)5 of the (n-1)
middle-cell are connected together. The Lr3 and/or Cr3 in
the Zadj1 and the Lr4 and/or Cr4 of the Zadj2 can be realized
with the configurations as shown in FIG. 31(c) to FIG. 31(e).

To increase the output power, moreover, the single trans-
former T1 can be replaced with two transformers T1 and T2.
Each transformer has one primary winding and at least one
secondary winding being electrically connected in parallel
or series to produce the AC output as shown in FIG. 32(a).
The inductor Lrl (Lr2) represents the leakage inductance of
secondary winding S1 (S2).

Because all circuits in FIG. 30(a), FIG. 31(a) and FIG.
32(a) share the same operating characteristics, consequently,
the fifth embodiment and the sixth embodiment of the
present invention will be disclosed by using a single trans-
former AC-DC rectification circuits only.

In accordance with the present invention, one embodi-
ment of the rectifier circuit and its operating stages are
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illustrated as shown in FIG. 33 and FIG. 34, respectively. As
an application example, the rectifier circuit is constructed
with diodes M1, M2, shown in FIG. 33. These are equivalent
to the switches M1, M2 shown in FIG. 31(a). Assumed the
clamping capacitors C1 and C3 are identical so that the
voltage of each capacitor is equal to one-half output voltage
Vo.

The input AC voltage provided by the primary winding P1
of the transformer T1 is coupled to the first and second
secondary windings S1 and S2 to generate an AC voltage.
Thus, as shown in FIG. 34(a) to FIG. 34(d), the diodes M1
and M2 are forward-biased to be turned on or reversed-
biased to be turned off alternatively. There are four operation
stages within one switching cycle during steady-state opera-
tion.

As shown in FIG. 34(a), the diode M1 is forward-biased
by the first and second secondary windings S1 and S2 during
the first time interval. The first and second secondary
windings S1 and S2 charge and discharge the capacitors via
the following routes labeled by the marks of the elements
thereof sequentially:

(1) S1(dot)-Lr1-C1-Lr34-M1-S1(non-dot);

(2) S1(dot)-Lr1-R,-C3-Lr34-M1-S1(non-dot); and

(3) S2(dot)-Lr2-C3-Lr34-M1-C2-S2(non-dot),

in which the capacitors C1 and C2 are charged while the
capacitors C3 is discharged during the first time interval.

As shown in FIG. 34(b), the diode M1 is reversed-biased
by the first and second secondary windings S1 and S2 during
a second time interval. Because the load currents are gradu-
ally commutated by the clamping capacitor I.,, the diode
M1 operates with ZCS condition. Due to the leakage ener-
gies being absorbed, the voltage waveforms of the diode M1
has no voltage spike and its voltage stress is limited to the
output voltage. The average voltage across C2 is equal to
output voltage and the average voltages across C1 and C3
are equal to one-half output voltage.

As shown in FIG. 34(c), the diode M2 is forward-biased
by the first and second secondary windings S1 and S2 during
a third time interval. The first and second secondary wind-
ings S1 and S2 charge and discharge the capacitors via the
following routes labeled by the marks of the elements
thereof sequentially:

(1) S1(non-dot)-C2-M2-1.r34-C1-Lr1-S1(dot);

(2) S2(non-dot)-M2-Lr34-C1-R, -L.r2-S2(dot); and

(3) S2(non-dot)-M2-Lr34-C3-Lr2-S2(dot),

in which the capacitors C3 and C2 are charged while the
capacitors C1 is discharged during the third time interval.

As shown in FIG. 34(d), the diode M2 is reversed-biased
by the first and second secondary windings S1 and S2 during
a fourth time interval. Because the load currents are gradu-
ally commutated by the clamping capacitor I.,, the diode
M2 operates with ZCS condition. Due to the leakage ener-
gies being absorbed, the voltage waveforms of the diode M2
has no voltage spike and its voltage stress is limited to the
output voltage. The average voltage across C2 is equal to
output voltage and the average voltages across C1 and C3
are equal to one-half output voltage.

Several key waveforms of the power rectification circuit
of the example of the sixth embodiment of the present
invention are shown in FIG. 35. These waveforms are
obtained by using simulation program SIMPLIS. As shown,
most of the output currents are provided by the clamping
capacitor Cc resulting in having small output filter capacitor
current ripple I, and I,. In addition, the I,,, and I,,, are
commutated with the current through the clamping capacitor
I¢. during D1 or D2 turn-off time interval. Consequently,
both diodes are turned off with ZCS operating condition.
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In the embodiment of FIG. 30(a), FIG. 31(a) and FIG.
32(a), the diodes are used as rectifiers. However, as an
enhancement of the embodiment to improve the efficiency,
the rectifiers may be, for example, synchronous rectifiers or
a combination of diode and synchronous rectifier.

In the embodiments shown herein, the switching func-
tions can be performed by any suitable devices known in the
art, or later developed. In the preferred first and second
embodiments, field-effect transistors are used, however the
power rectification circuits may also use other appropriate
switch devices such as bipolar transistors, IGBTs, or even
electromechanical switch. The rectifier diodes in the recti-
fication circuits of the third to fifth embodiments of the
present invention, other appropriate switch devices such as
field-effect transistors, bipolar transistors, IGBTs, or even
electromechanical switch may be used instead.

Although the embodiments of the present invention are
disclosed to be key part of the power inversion circuits.
However, it can be combined with topologies of the prior art.
For instance, the rectification by the embodiment of the
present invention and the inversion may be performed by a
topology of the prior art, or vise versa. Furthermore, both the
inversion and rectification can be performed by the tech-
niques disclosed herein.

While the invention has been described in detail herein, in
accordance with certain preferred embodiments, thereof,
many modifications and changes thereto may be affected by
those skilled in the art. Accordingly, it is intended by the
appended claims to cover all such modifications and changes
as fall within the true spirit and scope of the invention.

What is claimed is:

1. A soft-switching and low input current ripple power
inversion circuit for converting a DC voltage received at a
DC input to an AC voltage, which is paralleled-connected
with the DC input, and the soft-switching and low input
current ripple power inversion circuit comprising:

a top-cell comprising a first capacitor, a second capacitor,

a first switch, and a first impedance adjusting unit,

wherein the first impedance adjusting unit has a termi-

nal (1), a terminal (2), a terminal (3) and a terminal (4);

the terminal (1) of the first impedance adjusting unit, a
positive node of the DC input, and an upper node of
the first capacitor are connected together;

the terminal (2) of the first impedance adjusting unit, an
upper node of the first switch and an upper node of
the second capacitor are connected together;

the terminal (3) and the terminal (4) of the first imped-
ance adjusting unit are respectively connected to a
lower node of the first capacitor and a lower node of
the first switch;

a bottom-cell comprising a third capacitor, a second

switch, and a second impedance adjusting unit, wherein

the second impedance adjusting unit has a terminal (1),

a terminal (2), a terminal (3) and a terminal (4);

the terminal (1), the terminal (2) and the terminal (4) of
the second impedance adjusting unit are respectively
connected to an upper node of the third capacitor, an
upper node of the second switch, and a lower node
of the second switch;

the terminal (3) of the second impedance adjusting unit,
a negative node of the DC input, and a lower node of
the third capacitor are connected together; and

at least one transformer comprising at least one secondary

winding magnetically coupled to its corresponding
primary winding within the first impedance adjusting
unit and the second impedance adjusting unit;
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thereby, when the first switch and the second switch are
turned on or off alternatively within one switching
cycle, the AC voltage is generated at the secondary
winding and a soft-switching operation on the switches
is performed.

2. The soft-switching and low input current ripple power
inversion circuit of claim 1, wherein the lower node of the
first capacitor, the lower node of the first switch, and the
lower node of the second capacitor of the top-cell are
respectively connected to the upper node of the third capaci-
tor, the upper node of the second switch, and the lower node
of the second switch of the bottom-cell.

3. The soft-switching and low input current ripple power
inversion circuit of claim 2, wherein the first impedance
adjusting unit and the second impedance adjusting unit
comprise a first inductor, a second inductor, a third inductor,
a fourth inductor, a first primary winding and a second
primary winding, wherein the first inductor and the second
inductor represent the leakage inductance of the first primary
winding and the second primary winding, respectively; the
first primary winding and the second primary winding are
magnetically coupled to its corresponding secondary wind-
ing; the first inductor and the first primary winding are
series-connected between the terminal (1) and the terminal
(2) of the first impedance adjusting unit; the third inductor
is connected between the terminal (3) and the terminal (4) of
the first impedance adjusting unit; the fourth inductor is
connected between the terminal (1) and the terminal (2) of
the second impedance adjusting unit; the second inductor
and the second primary winding are series-connected
between the terminal (3) and the terminal (4) of the second
impedance adjusting unit.

4. The soft-switching and low input current ripple power
inversion circuit of claim 2, wherein the first impedance
adjusting unit and the second impedance adjusting unit
comprise a first inductor, a second inductor, a third inductor,
a fourth inductor, a fourth capacitor, a fifth capacitor, a first
primary winding and a second primary winding, wherein the
first inductor and the second inductor represent the leakage
inductance of the first primary winding and the second
primary winding, respectively; the first primary winding and
the second primary winding are magnetically coupled to its
corresponding secondary winding; the first inductor and the
first primary winding are series-connected between the
terminals (1) and the terminal (2) of the first impedance
adjusting unit; the third inductor and the fourth capacitor are
series-connected between the terminal (3) and the terminal
(4) of the first impedance adjusting unit; the fourth inductor
and the fifth capacitor are series-connected between the
terminal (1) and the terminal (2) of the second impedance
adjusting unit; the second inductor and the second primary
winding are series-connected between the terminal (3) and
the terminal (4) of the second impedance adjusting unit.

5. The soft-switching and low input current ripple power
inversion circuit of claim 1, further comprising at least one
middle-cell connected between the top-cell and the bottom-
cell;

the middle-cell comprising a fourth capacitor, a fifth

capacitor, a third switch, and a fourth switch (compris-

ing a terminal (nl), a terminal (n2), a terminal (n3), a

terminal (nd), a terminal (n5), and a terminal (n6) for

nth middle-cell);

the terminal (nl), the terminal (n2), and the terminal
(nd) of the nth middle-cell are respectively con-
nected to the upper node of the fourth capacitor, an
upper node of the third switch, and a lower node of
the fourth capacitor;
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the terminal (n3) of the nth middle-cell is connected to
a lower node of the third switch, an upper node of the
fourth switch, and an upper node of the fifth capaci-
tor;

the terminal (n5), the terminal (n6) of the nth middle-
cell are respectively connected to the lower node of
the fourth switch and the lower node of the fifth
capacitor;

the lower node of the first capacitor, the lower node of
the first switch, and the lower node of the second
capacitor of the top-cell are respectively connected
to the terminal (nl), the terminal (n2), and the
terminal (n3) of the first middle-cell;

the terminal (nl), the terminal (n2), and the terminal
(n3) of the nth middle-cell (n=2) are respectively
connected to the terminal (n4), the terminal (n5), and
the terminal (n6) of the previous [(n—1)th] middle-
cell;

the terminal (nd), the terminal (n5), and the terminal
(n6) of the nth middle-cell (n=2) are respectively
connected to the terminal (nl), the terminal (n2), and
the terminal (n3) of the next [(n+1)th] middle-cell;

excluded the last middle-cell, the terminal (n4) and the
terminal (n5) of each middle-cell is connected
together;

the upper node of the third capacitor, the upper node of
the second switch, and the lower node of the second
switch of the bottom-cell are respectively connected
to the terminal (nd4), the terminal (n5), and the
terminal (n6) of the last middle-cell.

6. The soft-switching and low input current ripple power
inversion circuit of claim 5, wherein the first impedance
adjusting unit and the second impedance adjusting unit
comprise a first inductor, a second inductor, a third inductor,
a fourth inductor, a first primary winding and a second
primary winding, wherein the first inductor and the second
inductor represent the leakage inductance of the first primary
winding and the second primary winding, respectively; the
first primary winding and the second primary winding are
magnetically coupled to its corresponding secondary wind-
ing; the first inductor and the first primary winding are
series-connected between the terminal (1) and the terminal
(2) of the first impedance adjusting unit; the third inductor
is connected between the terminal (3) and the terminal (4) of
the first impedance adjusting unit; the fourth inductor is
connected between the terminal (1) and the terminal (2) of
the second impedance adjusting unit; the second inductor
and the second primary winding are series-connected
between the terminal (3) and the terminal (4) of the second
impedance adjusting unit.

7. The soft-switching and low input current ripple power
inversion circuit of claim 5, wherein the first impedance
adjusting unit and the second impedance adjusting unit
comprise a first inductor, a second inductor, a third inductor,
a fourth inductor, a sixth capacitor, a seventh capacitor, a
first primary winding and a second primary winding,
wherein the first inductor and the second inductor represent
the leakage inductance of the first primary winding and the
second primary winding, respectively; the first primary
winding and the second primary winding are magnetically
coupled to its corresponding secondary winding; the first
inductor and the first primary winding are series-connected
between the terminal (1) and the terminal (2) of the first
impedance adjusting unit; the third inductor and the sixth
capacitor are series-connected between the terminal (3) and
the terminal (4) of the first impedance adjusting unit; the
fourth inductor and the seventh capacitor are series-con-
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nected between the terminal (1) and the terminal (2) of the
second impedance adjusting unit; the second inductor and
the second primary winding are series-connected between
the terminal (3) and the terminal (4) of the second imped-
ance adjusting unit.

8. A soft-switching and low input current ripple power
inversion circuit for converting a DC voltage received at a
DC input to an AC voltage, which is paralleled-connected
with the DC input, and the soft-switching and low input
current ripple power inversion circuit comprising a first
series circuit, a first impedance adjusting unit, and a second
series circuit;

the first series circuit comprising a first capacitor and a

third capacitor connected in series;

an upper node of the first capacitor is connected to the
positive node of the DC input voltage;

a lower node of the first capacitor is connected to an
upper node of the third capacitor;

a lower node of the third capacitor is connected to a
negative node of the DC input;

the first impedance adjusting unit comprising a terminal

(1), a terminal (2), a terminal (3), a terminal (4), a
terminal (5), and a terminal (6);
the second series circuit comprising a first switch, at least
one middle-cell, a second switch and a second capaci-
tor;
at least one middle-cell connected between the first
switch and the second switch;
the middle-cell comprising a third switch, a fourth
switch, and a fourth capacitor comprising a terminal
(n1), a terminal (n2), a terminal (n3), and a terminal
(nd) for nth middle-cell;
the terminal (nl) of nth middle-cell is connected to
an upper node of the third switch and an upper
node of the fourth capacitor;
the terminal (n2) and the terminal (n3) of nth middle-
cell are respectively connected to a lower node of
the third switch and the upper node of the fourth
switch;
the terminal (n4) of nth middle-cell is connected to
the lower node of the fourth switch and the lower
node of the fourth capacitor;
the upper nodes of the first switch and the second
capacitor are connected together;
the lower node of the first switch and the upper node of
the second switch are respectively connected to
terminals (11) and (14) of the first middle-cell;
the lower node of the second switch is connected to the
lower node of the second capacitor;
excluded the last (nth) middle-cell, the terminal (n2)
and the terminal (n3) of nth middle-cell are respec-
tively connected to the terminal (n1) and the terminal
(nd) of the next (n+1)th middle-cell;
the terminal (n2) and the terminal (n3) of the last
middle-cell are connected together;
the terminal (1), the terminal (2), the terminal (3), the
terminal (4), the terminal (5) and the terminal (6) of
the first impedance adjusting unit are respectively
connected to the upper node of the first capacitor, the
upper node of the first switch, the lower node of the
first capacitor, the terminal (n2) of the last middle-
cell, the lower node of the third capacitor, and the
lower node of the second switch;
at least one transformer comprising at least one secondary
winding magnetically coupled to its corresponding
primary winding within the first impedance adjusting
unit;
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thereby, when the switches are turned on or off alterna-
tively within one switching cycle, the AC voltage is
generated at the secondary winding and a soft-switch-
ing operation on the switches is performed.

9. The soft-switching and low input current ripple power
inversion circuit of claim 8, wherein the first impedance
adjusting unit comprises a first inductor, a second inductor,
a third inductor, a first primary winding and a second
primary winding, wherein the first inductor and the second
inductor represent the leakage inductance of the first primary
winding and the second primary winding, respectively; the
first primary winding and the second primary winding are
magnetically coupled to its corresponding secondary wind-
ing; the first inductor and the first primary winding are
connected in series between the terminal (1) and the terminal
(2) of the first impedance adjusting unit; the third inductor
is connected between the terminal (3) and the terminal (4) of
the first impedance adjusting unit; the second inductor and
the second primary winding are connected in series between
the terminal (5) and the terminal (6) of the first impedance
adjusting unit.

10. The soft-switching and low input current ripple power
inversion circuit of claim 8, wherein the first impedance
adjusting unit comprises a first inductor, a second inductor,
a third inductor, a fifth capacitor, a first primary winding and
a second primary winding, wherein the first inductor and the
second inductor represent the leakage inductance of the first
primary winding and the second primary winding, respec-
tively; the first primary winding and the second primary
winding are magnetically coupled to its corresponding sec-
ondary winding; the first inductor and the first primary
winding are series-connected between the terminal (1) and
the terminal (2) of the first impedance adjusting unit; the
third inductor and the fifth capacitor are series-connected
between the terminal (3) and the terminal (4) of the first
impedance adjusting unit; the second inductor and the
second primary winding are series-connected between the
terminal (5) and the terminal (6) of the first impedance
adjusting unit.

11. A soft-switching and low output current ripple power
rectifier circuit for converting an AC voltage received at a
primary winding of a transformer to a DC voltage outputted
to a load and comprises a first series circuit, a second series
circuit, a third series circuit, and a first capacitor, wherein the
first series circuit, the second series circuit and the third
series circuit are paralleled-connected; the first series circuit
comprising a first inductor, a first secondary winding, and a
first switch connected sequentially, wherein the first inductor
represents the leakage inductance of the first secondary
winding; the second series circuit comprising a second
switch, a second secondary winding, and a second inductor
connected sequentially, wherein the second inductor repre-
sents the leakage inductance of the second secondary wind-
ing; the first capacitor connected between a first node within
the first series circuit and a second node within the second
series circuit, wherein the first node is a center-node of the
first secondary winding and the first switch, and wherein the
second node is a center-node of the second switch and the
second secondary winding; the third series circuit compris-
ing a third inductor and a second capacitor connected
sequentially, wherein the second capacitor is connected
between the positive node and negative node of the output
DC voltage;

at least one transformer comprising at least one primary

winding magnetically coupled to its corresponding
secondary winding;
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thereby, when the switches are turned on or off alterna-
tively within one switching cycle, the DC voltage is
generated at the output and a soft-switching operation
on the switches is performed.
12. A soft-switching and low output current ripple power
rectifier circuit for converting an AC voltage received at a
primary winding of a transformer to a DC voltage outputted
to a load, which comprises a first series circuit, a second
series circuit, a third series circuit, and a first capacitor,
wherein the first series circuit, the second series circuit and
the third series circuit are paralleled-connected; the first
series circuit comprising a first inductor, a first secondary
winding, a first switch, and a third switch connected sequen-
tially, wherein the first inductor represents the leakage
inductance of the first secondary winding; a non-dot node of
the first secondary winding and an upper node of the first
switch connected together; the second series circuit com-
prising a second switch, a fourth switch, a second secondary
winding, and a second inductor connected sequentially,
wherein the second inductor represents the leakage induc-
tance of the second secondary winding; a lower node of the
fourth switch and a non-dot node of the secondary winding
connected together; the first capacitor connected between a
first node within the first series circuit and a second node
within the second series circuit, wherein the first node is the
center-node of the first secondary winding and the first
switch and the second node is the center-node of the fourth
switch and the second secondary winding; a third node
within the first series circuit and a fourth node within the
second series circuit are connected together, wherein the
third node is a center-node of the first switch and the third
switch and the fourth node is the center-node of the second
switch and the fourth switch; the third series circuit com-
prising a third inductor and a second capacitor connected
sequentially, wherein the second capacitor is connected
between a positive node and a negative node of the output
DC voltage; and
at least one transformer comprising at least one primary
winding magnetically coupled to its corresponding
secondary winding;
thereby, when the switches are turned on or off alterna-
tively within one switching cycle, the DC voltage is
generated at the output and a soft-switching operation
on the switches is performed.
13. A soft-switching and low output current ripple power
rectifier circuit for converting an AC voltage to a DC voltage
outputted to a load, which is paralleled-connected with the
load and comprising:
a top-cell comprising a second capacitor, a first switch, a
first impedance adjusting unit, and a first capacitor,
wherein the first impedance adjusting unit comprises a
terminal (1), a terminal (2), a terminal (3), and a
terminal (4);
the terminal (1) of the first impedance adjusting unit, a
positive node of the output voltage, and an upper
node of the first capacitor are connected together;

the terminal (2) of the first impedance adjusting unit, an
upper node of the first switch and an upper node of
the second capacitor are connected together;

the terminals (3) and the terminal (4) of the first
impedance adjusting unit are respectively connected
to a lower node of the first capacitor and a lower
node of the first switch;

a bottom-cell comprising a second switch, a second
impedance adjusting unit and a third capacitor, wherein
the second impedance adjusting unit has a terminal (1),
a terminal (2), a terminal (3), and a terminal (4);
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the terminal (1), the terminal (2) and the terminal (4) of
the second impedance adjusting unit are respectively
connected to an upper node of the third capacitor, an
upper node of the second switch, and a lower node
of the second switch; and

the terminal (3) of the second impedance adjusting unit,

a negative node of the output voltage, and the lower

node of the third capacitor are connected together; and

at least one transformer comprising at least one primary
winding magnetically coupled to its corresponding
secondary winding within the first impedance adjust-
ing unit and the second impedance adjusting unit;

thereby, when the switches are operated with soft-
switching to turn-on or turn-off alternatively within
one switching cycle, the AC voltage is converted to
the required DC voltage to the load.

14. The soft-switching and low output current ripple
power rectifier circuit of claim 13, wherein the lower nodes
of the first capacitor, the first switch, and the second capaci-
tor of the top-cell are respectively connected to the upper
node of the third capacitor, the upper node of the second
switch, and the lower node of the second switch of the
bottom-cell.

15. The soft-switching and low output current ripple
power rectifier circuit of claim 14, wherein the first imped-
ance adjusting unit and the second impedance adjusting unit
comprise a first inductor, a second inductor, a third inductor,
a fourth inductor, a first secondary winding and a second
secondary winding; wherein the first inductor and the second
inductor represent the leakage inductance of the first sec-
ondary winding and the second secondary winding, respec-
tively; the first secondary winding and the second secondary
winding are magnetically coupled to its corresponding pri-
mary winding; the first inductor and the first secondary
winding are series-connected between the terminal (1) and
the terminal (2) of the first impedance adjusting unit; the
third inductor is connected between the terminal (3) and the
terminal (4) of the first impedance adjusting unit; the fourth
inductor is connected between the terminal (1) and the
terminal (2) of the second impedance adjusting unit; the
second inductor and the second secondary winding are
series-connected between the terminal (3) and the terminal
(4) of the second impedance adjusting unit.

16. The soft-switching and low output current ripple
power rectifier circuit of claim 14, wherein the first imped-
ance adjusting unit and the second impedance adjusting unit
comprising a first inductor, a second inductor, a third induc-
tor, a fourth inductor, a fourth capacitor, a fifth capacitor, a
first secondary winding and a second secondary winding,
wherein the first inductor and the second inductor represent
the leakage inductance of the first secondary winding and
the second secondary winding, respectively; the first sec-
ondary winding and the second secondary winding are
magnetically coupled to its corresponding primary winding;
the first inductor and the first secondary winding are series-
connected between the terminal (1) and the terminal (2) of
the first impedance adjusting unit; the third inductor and the
fourth capacitor are series-connected between the terminal
(3) and the terminal (4) of the first impedance adjusting unit;
the fourth inductor and the fifth capacitor are series-con-
nected between the terminal (1) and (2) of the second
impedance adjusting unit; the second inductor and the
second secondary winding are series-connected between the
terminal (3) and the terminal (4) of the second impedance
adjusting unit.
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17. The soft-switching and low output current ripple
power rectifier circuit of claim 13, also comprising at least
one middle-cell connected between the top-cell and the
bottom-cell;

the middle-cell comprising a fifth capacitor, a third

switch, a fourth switch, and a fourth capacitor, com-

prising a terminal (nl), a terminal (n2), a terminal (n3),

a terminal (nd), a terminal (n5), and a terminal (n6) for

nth middle-cell;

the terminal (nl), the terminal (n2), and the terminal
(nd) of the nth middle-cell are respectively con-
nected to an upper node of the fourth capacitor, an
upper node of the third switch, and a lower node of
the fourth capacitor;

the terminal (n3) of the nth middle-cell is connected to
a lower node of the third switch, an upper node of the
fourth switch, and an upper node of the fifth capaci-
tor;

the terminal (n5), the terminal (n6) of the nth middle-
cell Cell-n are respectively connected to a lower
node of the fourth switch and a lower node of the
fifth capacitor;

the lower node of the first capacitor, the lower node of
the first switch, and the lower node of the second
capacitor of the top-cell are respectively connected
to the terminal (nl), the terminal (n2), and the
terminal (n3) of the first middle-cell;

the terminal (nl), terminal (n2), and terminal (n3) of
the nth middle-cell (n=2) are respectively connected
to the terminal (nd4), the terminal (n5), and the
terminal (n6) of the previous [(n-1)th] middle-cell;

the terminal (n4), the terminal (n5), and the terminal
(n6) (n=2) of the nth middle-cell are connected to the
terminal (n1), the terminal (n2), and the terminal (n3)
of the next [(n+1)th] middle-cell;

excluded the last middle-cell, the terminal (n4) and the
terminal (n5) of each middle-cell are connected
together;

the upper node of the third capacitor, the upper node of
the second switch, and the lower node of the second
switch of the bottom-cell are respectively connected
to the terminal (nd4), the terminal (n5), and the
terminal (n6) of the last middle-cell.

18. The soft-switching and low output current ripple
power rectifier circuit of claim 17, wherein the first imped-
ance adjusting unit and the second impedance adjusting unit
comprising a first inductor, a second inductor, a third induc-
tor, a fourth inductor, a first secondary winding and a second
secondary winding; wherein the first inductor and the second
inductor represent the leakage inductance of the first sec-
ondary winding and the second secondary winding, respec-
tively; the first secondary winding and the second secondary
winding are magnetically coupled to its corresponding pri-
mary winding; the first inductor and the first secondary
winding are series-connected between the terminal (1) and
the terminal (2) of the first impedance adjusting unit; the
third inductor is connected between the terminal (3) and the
terminal (4) of the first impedance adjusting unit; the fourth
inductor is connected between the terminal (1) and the
terminal (2) of the second impedance adjusting unit; the
second inductor and the second secondary winding are
series-connected between the terminal (3) and the terminal
(4) of the second impedance adjusting unit.

19. The soft-switching and low input current ripple power
rectifier circuit of claim 17, wherein the first impedance
adjusting unit and the second impedance adjusting unit
comprising a first inductor, a second inductor, a third induc-
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tor, a fourth inductor, a sixth capacitor, a seventh capacitor,
a first secondary winding and a second secondary winding,
wherein the first inductor and the second inductor represent
the leakage inductance of the first secondary winding and
the second secondary winding, respectively; the first sec-
ondary winding and the second secondary winding are
magnetically coupled to its corresponding primary winding;
the first inductor and the first secondary winding are series-
connected between the terminal (1) and the terminal (2) of
the first impedance adjusting unit; the third inductor and the
sixth capacitor are series-connected between the terminal (3)
and the terminal (4) of the first impedance adjusting unit; the
fourth inductor and the seventh capacitor are series-con-
nected between the terminal (1) and the terminal (2) of the
second impedance adjusting unit; the second inductor and
the second secondary winding are series-connected between
the terminal (3) and the terminal (4) of the second imped-
ance adjusting unit.
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